The impact of Domestic Cats Felis silvestris catus, Cat from hereon, on biodiversity and particularly on bird populations, has been documented worldwide (Parmalee 1953 , Churcher & Lawton 1987 , Barratt 1997 , Loss & Marra 2017 . However, the majority of currently available studies address closed ecosystems, such as small islands (Medina et al. 2011) . The impact of Cat populations can be very strong in these cases, even leading to local extinctions of species (Veitch 1985 , Dowding & Murphy 2001 , Medway 2004 . The impact of Cat populations appears to be less clear in continental ecosystems, especially in North America and Europe. The presence of Cats may significantly impact the number of birds through both predation events (Woods et al. 2003 , Winter & Wallace 2006 , Dauphiné & Cooper 2009 ) and lower fertility rates linked to the disturbances induced by the presence of these predators (Beckerman et al. 2007 , Bonnington et al. 2013 . In the United Kingdom, Baker et al. (2008) suggested that Cats have likely been a major cause of mortality for some species of birds.
Today, a tendency exists to enhance biodiversity in towns, favouring the quality of green spaces and species dispersion from peri-urban areas to city parks and gardens. This trend implies changing management strategies resulting in an increase in vertebrate diversity and number (Baker & Harris 2007 , Pellissier 2012 . As Cats are the main predator in towns and peri-urban landscapes (e.g. Coleman et al. 1997 , Lepczyk et al. 2004 , Thomas et al. 2012 , it is important to assess to what extent Cats impact biodiversity in these habitats. The available studies (e.g. Baker et al. 2005 , Woods et al. 2003 , Tschanz et al. 2011 show that small mammals, mainly rodents, are the most abundant prey in the diet of Domestic Cats in urban and rural landscapes, but that birds can represent 12 to 24% of observed prey species.
In Europe, house Cat populations (in contrast to feral Cats) have significantly increased over the past few decades to an estimated 99 million in 2014 (FEDIAF 2014) . In France, the number of house Cats has increased since 1970 since , and doubled between 1990 since and 2015 since (FACCO 2017 . In Belgium, the house Cat population increased by 200,000 between 2008 and 2014 (SPF Economie 2016 . The number of feral or stray Cats remains completely unknown.
To assess the impact of Cats on urban bird populations, we focus here on garden bird data from French and Belgian ringing programmes where the causes of death are noted. We wanted to (1) investigate the bird species killed by Domestic Cats, (2) analyse changes in the proportion of birds killed by Cats over time (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , and (3) compare the causes of bird mortality as reported by observers.
Methods
To study Domestic Cat predation on garden birds and examine how it has changed over time, we analysed the French and Belgian ring-recovery programme data collected from 2000 to 2015. In these two countries, the rings from birds found dead are returned with a response indicating the probable cause of death including predation by Cats (see below). In two thirds of these cases, information on ringed birds was precisely recorded allowing a quantitative analysis of causes of mortality including the prevalence of Cat predation. Those reporting these dead birds were not only ornithologists but also people who directly observed a cat eat or kill the bird and/or found a whole or partial bird body near their house. The remaining third of returns were without a cause of death.
Only data including birds recovered in France and Belgium were analysed. We assume that the probability of reporting a ringed bird killed by a Cat is the same regardless of the bird species being considered and whether it is ringed. There was no indication that reporting effort varied over the study period (Oliver Dehorter, CRBPO, pers. comm.).
To study Cat predation, we separately analysed three datasets where the causes of death were mentioned ( (2) The STOC capture (temporal monitoring of common birds through capture) protocol is for monitoring common birds in France in generally diverse environments and at the initiative of the ringers (approximately 120 locations monitored between 2000 and 2015) , and a great number of protocols are dedicated to specific processes or habitats that display relatively homogeneous sensitivity to predation by Cats. This dataset is not specifically dedicated to garden birds. Hereafter, this programme is referred to as Prog2. (3) All of the Belgian data collection programmes are included in this category. In Belgium, there are no programmes specifically dedicated to species or habitats. Data from Belgium essentially relate to the activity of workgroups that have autonomy in ringing practices. This dataset is also not specifically dedicated to garden birds. Hereafter, this programme is referred to as Prog3 (data also from 2000 to 2015).
We focused on 43 species known to be common in gardens (selected from Hagemeijer & Blair 1997; Table  1 ). Due to the very large difference in ringing effort between species, we avoided the few species that had less than 10,000 ringed individuals, i.e. Spotted Flycatcher Muscicapa striata, European Serin Serinus serinus, European Crested Tit Lophophanes cristatus, Great Spotted Woodpecker Dendrocopos major and Cirl Bunting Emberiza cirlus.
First, to analyse Cat predation on each of the remaining 38 species, we determined the rate of predation over the entire study period. In agreement with the very variable rate of ring returns depending on the species (Oliver Dehorter, CRBPO, pers. comm.), we have chosen to calculate the predation rate on the total of ringed individuals of a species and not on the total of returns of ringed birds. As a result, the values will be very low. For each programme, we tested the hypothesis that the annual change of the Cat-related death rate for all birds followed a linear model using the R v. 3.2.5 software (R Development Core Team 2016). Second, to determine if ground-feeding was a trait of most predated birds, we characterized each species into Group 1: bird species rarely feeding on the ground, Group 2: bird species sometimes feeding on the ground, or Group 3: bird species frequently feeding on the ground (from Voous 1960 , Yeatman-Berthelot & Jarry 1991 , Mullarney et al. 1999 , Dubois et al. 2001 ). We used a Wilcoxon non-parametric test to compare pairs in each Group; it is assumed that there is no heterogeneity of variance in the samples (the absence of outliers and the very low dependence between observations has been verified).
Third, to assess the rate of Cat predation in comparison with other causes of mortality, we selected the following 10 categories that grouped different causes of death, selected from EURING and CRBPO databases: (1) shooting, (2) deliberate trapping (lime traps, glue traps and boxes to obtain song birds or bird meat), (3) involuntary trapping (crop-protection nets, drowning in artificial basins), (4) collisions with traffic (road, rail), (5) collisions with buildings (window panes, high-rise buildings), (6) predation by Cats, (7) predation of unknown origin/by other species, (8) natural causes (diseases, weather), (9) other causes and (10) causes unknown or undetermined. Here, we assessed the importance of Cat predation in comparison with the total of causes of mortality (in percentages).
Results

BIRD SPECIES KILLED BY CATS
Across the three programmes, the number of bird species killed by Cat predation was 83. How ever, focusing on our 38 garden bird species (Table 1) , we noted that, in Prog1, the 3 species most preyed upon by Cats were European Robin Erithacus rubecula, Dunnock Prunella modularis and Blackbird Turdus merula. The next most frequently predated upon species were mainly seed-eating birds: House Sparrow Passer domesticus, Eurasian Collared Dove Streptopelia decaocto, European Greenfinch Carduelis chloris and Goldfinch Carduelis carduelis.
In Prog2, mortality by Cats was the highest for European Greenfinch, Eurasian Siskin Carduelis spinus and Goldfinch. Blackbird, House Sparrow, European Starling Sturnus vulgaris, Dunnock, Eurasian Wren Troglodytes troglodytes and European Robin had the next highest rates of mortality from Cats. We noted that although they represented a very high proportion of ringed birds, the proportion of tits (Paridae) killed by Cats was moderate.
In Prog3, the most preyed upon species were European Greenfinch, European Robin and Blackbird.
The differences among the other species were minimal, and the distribution of predated species was more homogeneous. Based on the ranking process, several common species confirmed this trend, such as the Dunnock and Eurasian Collared Dove.
Overall (proportion of all returns on all the ringed birds of the three programmes), the most predated species were European Greenfinch, Eurasian Collared Dove and House Sparrow, which are three granivorous species. Comparing between bird species with different levels of ground-feeding showed that in the group of species that usually feeds or moves on the ground, Group 3, mortality rate by Cats was significantly higher (42 out of 10,000 ringed birds) than Group 2 (19 from 10,000) and Group 1 (12 from 10,000; Wilcoxon tests, both P < 0.0001).
TEMPORAL CHANGES IN CAT PREDATION
For each of the three programmes, an increasing trend in the proportion of birds killed by Cats was observed. For Prog1, we noted an average increase of 102% between 2007 and 2015. This increase was strong and significant (linear model, r 2 = 0.674, df = 38, P = 0.015). For Prog2, the proportion of birds killed by Cats during 2000-2015 increased by 82% (r 2 = 0.597, df = 439, P = 0.022). Data from Prog3 also showed an increasing trend in Cat predation, although at 52% it was less strong (r 2 = 0.422, df = 314, P = 0.044). The analysis of the three datasets describes mortality caused by Cats as increasing over the last ten years.
COMPARISON OF CAUSES OF DEATH
The Prog1 data showed a preponderance of predation by Cats (26.3% of the total, n = 146), followed by mortality due to collisions with window panes and buildings and then mortality from trapping, predominantly intentional trapping. Prog2 was distinguished by its very high incidence of mortality from shooting (39.6%, n = 3439), followed by predation by other species and by Domestic Cats. Mortality from shooting was very variable over time and was irregularly reported by observers. Prog3 showed a strong prevalence of mortality due to collisions with windows and buildings (25.7%, n = 1933) followed by shooting and by mortality caused by Cats. The cause of predation by Cats always appeared as one of the three first causes of mortality in each programme (Table 2) .
Discussion
BIRD SPECIES KILLED BY CATS
Our results demonstrate higher predation rates for ground dwelling birds, whether they are granivorous ARDEA 107(1), 2019 (House Sparrow, European Greenfinch and Eurasian Collared Dove) or insectivorous (European Robin, Blackbird and Dunnock). In addition, these species regularly visited bird feeders where they are more vulnerable (Dunn & Tessaglia 1994) . Mead (1982) showed an especially high recovery (31%) of ringed Robins and Dunnocks in England. The population modelling study of Thomas et al. (2012) in the UK suggested that predation rates could significantly reduce the size of local bird populations for common urban species.
It appears that the habit of dwelling or visiting gardens is not the principal risk factor in terms of predation by Cats. The Eurasian Blue Tit Cyanistes caeruleus and Great Tit Parus major are abundant in urban areas rich in Cats, and they frequently visit bird feeders where they are predated on to a lower extent. Similarly, birds that are abundant in gardens, but which use mainly bushes and trees, such as Chiffchaff Phylloscopus collybita and Blackcap Sylvia atricapilla, were rarely predated on by Cats. Woods et al. (2003) , despite using a different research method (prey brought by Cats into houses), also documented a strong representation of ground-foraging species such as House Sparrow and Blackbird, but they also cited tit species. Data given by different authors in different continents also underlined the important proportion of groundfeeding passerines in the diet of Cats (e.g. Baker et al. 2005 , Blancher 2013 ).
TEMPORAL CHANGE IN CAT PREDATION Cat predation on birds increased by 52 to 102% over the past 15 years. This increase appears connected with the parallel increase in the number of Cats in the two countries. Over the past 15 years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , the number of house Cats grew from 9.67 to 12.7 million in France (+30.1%; FACCO 2017) . Whereas between 2008 and 2014, they increased by 10% in Belgium (SPF Economie 2016). We do not have information about the number and species of birds killed by feral Cats, which could have greatly increased over the same period in western European cities. However, feral Cats seem to remain a problem for cities since sterilization and capture programmes continue to be carried out by most municipalities: the feeding of feral Cats by city dwellers is still a common practise and kitten litters are often abandoned.
COMPARISON OF THE CAUSES OF DEATH
In each program, Cat predation appears as one of the three main causes of death in garden birds. Cat predation was a particularly strong factor in the programme dedicated to garden birds. In the USA, Loss et al. (2013) also reported the importance of predation by Cats; they extrapolated results and suggested that billions of birds were caught by Cats and hundreds of millions of birds were killed by collisions with buildings and vehicles. Collisions, mainly with windows, are unanimously recognized by ornithologists as a significant hazard for birds either living near inhabited areas or migrating (Machtans et al. 2013) . Erickson et al. (2005) estimated that buildings, power lines and Cats were the causes of approximately 82% of the anthropogenic mortality of birds in the USA. To date, there has been a lack of data to identify house Cats as a factor in the decline of some bird populations throughout large areas. Moreover, Cat predation seems difficult to generalize across biotopes, regions or periods (Thomas et al. 2012 , Krauze-Gryz et al. 2017 . The decline of bird populations clearly involves numerous factors requiring new studies.
In fragile ecosystems such as urban areas, several solutions, more or less severe, have been proposed to reduce predation by Cats. For example, one solution is keeping house Cats indoors as much as possible (McDonald et al. 2015) . Devices to reduce Cat predation on birds and other vertebrates are already available, and some have already been proven to be effective: colourful collars, making Cats more obvious to prey (Calver et al. 2007) , collars emitting specific sounds (Clark & Burton 1998) or belled collars (Ruxton et al. 2002) issue. An official programme targeting feral Cats is currently being developed in Belgium that includes systematic catching and sterilizing campaigns. In numerous French cities, Cats are also being controlled by mandatory individual identification and now systematic sterilization. This subject is not only a technical issue but also a social issue.
In conclusion, new research on cat populations and on the different aspects of its impact on biodiversity (especially in highly anthropized areas such as cities) needs to be developed. For example, we still know little about the health status of the birds killed by Cats and whether predation by Cats is additive or compensatory to natural mortality in birds.
